Background: Hemorrhagic Shock (HS) with conventional resuscitation (CR) primes circulating neutrophils and activates vascular endothelium for increased systemic inflammation, superoxide release and end-organ damage. Adjunctive direct peritoneal resuscitation (DPR) with intraperitoneal instillation of a clinical peritoneal dialysis solution decreases systemic inflammation and edema formation by enhancing tissue perfusion. The aim of this study is to determine the effect of adjunctive DPR on neutrophil and fluid sequestration.
Introduction
High morbidity and mortality from conventionally resuscitated hemorrhagic shock and the subsequent multiple organ failure remains a very significant and a costly clinical problem [1; 2] . The essence of the pathogenesis of circulatory collapse due to blood loss stems from three major events 1) a persistent and progressive splanchnic vasoconstriction and hypoperfusion [3;4] , 2) a gut-derived systemic inflammatory response [5;6] , and 3) an obligatory fluid sequestration and failure of early mobilization [7] [8] [9] [10] . It is possible that an integral and causeeffect relationship exists between these three events to cause tissue injury and multiple organ failure. Studies on ligation of the mesenteric lymphatics suggested that nonbacterial soluble factors, generated in the gut and drained by the local lymphatics appear to be the mediator of distant organ injury [11] [12] [13] [14] [15] [16] . However, neither the mechanism nor the mediators of such lymph's cytotoxic effect are currently known. Recent studies have shown that gut lymphinduced lung injury can be ameliorated by low-dose albumin [17] , sphingosine inhibition [18] , hypertonic or hyper-oncotic resuscitation [19;20] , specific neutrophil elastase inhibition [21] or by specific inhibition of the Na + /H + exchanger [22;23] presumably by mechanisms related to the detoxifying ability of the resuscitation solution, inhibition of the inflammatory signaling pathways or by modulation of white cell functions and their interaction with vascular endothelial cell. However, none of the studies cited reported an improved outcome.
Direct peritoneal resuscitation (DPR) is a resuscitation technique recently described. DPR utilizes intraperitoneal instillation of a glucose-based clinical peritoneal dialysis solution into the peritoneal cavity as an adjunct to conventional intravascular fluid resuscitation. DPR improves splanchnic and distal organ blood flow [24] [25] [26] , promotes early fluid mobilization and markedly decreases the gut-derived exaggerated systemic inflammatory response; and therefore results in a remarkable improvement in survival [27] . However, in a recent intravital microscopy study of the terminal ileum we have confirmed that topical intraperitoneal application of a glucose-based clinical peritoneal dialysis solution in naive rats produced an instantaneous and generalized vasodilation at all intestinal microvascular levels. This vasodilation was associated with a marked increase in local blood flow and a significant decrease in the white blood cell-endothelium interaction. Conversely, no decrease in white blood cell-endothelium interaction was observed in rats subjected to hemorrhagic shock and resuscitated with conventional resuscitation alone or with conventional resuscitation plus adjunctive DPR [28] . In addition, regardless of the resuscitation regimen utilized, no white blood cell migration and extravasations were observed in our model. Thus, it is likely that intravital microscopy of the intestinal wall (terminal ileum) is not sensitive to visualize neutrophil extravasations because of the relatively thick tissue for Trans-illumination. For this reason, the present study was conducted to characterize the potential time dependency of neutrophil extravasations and sequestration and the possible modulation of neutrophil kinetics by adjunctive DPR from HS in rats.
Methods
Animals were maintained in a facility approved by the American Association for Accreditation of Laboratory Animal Care. The Institutional Animal Care and Use Committee and Biohazard Safety Committee at the Louisville Veterans Affairs Medical Center approved the research protocol. Male Sprague-Dawley rats (Harlan, Inc. Indianapolis) were used in the experiments.
Animals were acclimated for 1 to 2 weeks before experimental use, during which time each animal received 15 g of rat food per diem and water ad libitum, except for the night before the experiment. All animal and experimental interventions were performed under standard aseptic conditions. Anesthesia was induced with intraperitoneal pentobarbital (60 mg/kg), and supplemental subcutaneous injections (20% the original dose) were given as needed to maintain a surgical plan of anesthesia. Body temperature was maintained at 37 ± 0.5°C with a rectal probe and a servo-controlled heating pad. Surgery was performed after loss of blink and withdrawal reflexes. The right carotid was cannulated with PE-50 tubing for blood pressure monitoring with a pressure transducer (Digi-Med Signal Analyzers, Louisville, KY). The femoral artery was cannulated with PE-50 tubing for blood withdrawal and the femoral vein for resuscitation.
Hemorrhagic shock and resuscitation model
The time-line for the experimental protocol is depicted in figure 1 . Hemorrhagic shock (HS) was achieved with blood withdrawal at a maximum rate of 1 ml/min, from the femoral artery in a syringe pretreated with 8 units of heparin in 0.8 ml saline. This was continued until achievement of 40 mmHg mean arterial blood pressure. This nominal mean arterial pressure was maintained for 60 minute by blood withdrawal/reinfusion as needed. On average, the blood volume withdrawn was of the order of 5.8 m1. Conventional resuscitation (CR) was achieved with the return of the shed blood over 5 minute, followed by intravenous infusion of normal saline (×2 of the shed blood volume) from an infusion pump over the subsequent 25 minutes. A conventional 2.25% dextrose-based dialysis solution (Delflex ® , Fresenius USA, INC. Ogden, UT) that contained 5.67 g/L sodium chloride, 3.92 g/L sodium lactate, 0.257 g/L calcium chloride, 0.152 g/L magnesium chloride at a pH of 5.5 and an initial osmolality of 398 mOsm/L served as the DPR solution. Adjunctive DPR was achieved with 30 ml of the Delflex ® solution injected intraperitoneally simultaneously with the start of CR. Tissue harvest for measurements of MPO level was achieved according to the protocol depicted in figure 1 . MPO levels determined from tissues harvested immediately after anesthesia induction in naïve animals are considered reference basal levels in the present studies. At the conclusion of the experiment exsanguinations' of the animal was achieved via cardiac puncture at varying time points according to protocol at one, two, four and twenty-four hours following resuscitation and tissue samples from the lung, liver, duodenum, jejunum, and ileum were harvested. Tissues were sectioned and weighed immediately. Weights of 50 mg for the lung section and 100 mg for all other samples were selected and recorded. Samples were placed in 50 ml Corning tubes containing 2 ml chilled homogenization buffer on ice. All samples were then pureed via a polytron for 10 to 30 seconds. Sample homogenates were placed in eppendorf tubes and centrifuged at 10000× g for 10 minutes. Pellets were re-suspended in 10 volumes of resuspension buffer using tissue weights that were previously recorded. Samples were then vortexed and stored in a −20 °C freezer. Tissue samples were collected from the gut, liver and lung. Their wet weight was determined and the tissues were then dried till constant weight. 
Myeloperoxidase assay
Frozen samples were allowed to thaw in a room temperature water bath. A myeloperoxidase (MPO) cocktail was prepared at pH adjusted to 5.4. A tube rack was placed in ice and filled with varying numbers borosilicate tubes depending upon the number of samples. Samples were spun briefly to repellet tissue. The supernatant then contains the myeloperoxidase. The liver contains very little MPO compared to tissue of lung and intestine, so 100 μl of liver sample were added undiluted to its appropriate representative tube. Lung tissue was diluted using 10 μl sample plus 90 μl re-suspension buffer. All intestinal samples were diluted twice with the 10:90 ratios to give 100 μl 1:100 sample. After addition of 100 μl of each sample to the appropriate tubes, 500 μl of MPO Cocktail was then added. 50 μl hydrogen peroxide was then added to begin the color change reaction. A standard curve of known values was also mixed for comparative analysis of concentrations. The tubes were shaken to accelerate mixing and placed in a 37 °C water bath. The rack was returned to the ice bath and quickly mixed with 1.0 ml of chilled acetate buffer. Colorimetry then quantified the myeloperoxidase level through use of a spectrophotometer set at 655 nm.
Total tissue water
Total tissue water and fluid sequestration were assessed from the tissue wet weight (WW) and tissue dry weight (DW) ratio. Tissues were collected at the conclusion of the experiment and their WW immediately determined. Tissue DW was determined by allowing the tissue to dry in an oven (70 °C) to a constant weight.
Data analysis and Statistics
All data is presented as mean ± SD unless stated otherwise. Differences from baseline sham control were assessed by One-way ANOVA and Dunnet post-test. Differences between groups in time points and resuscitation modality were assessed with two-way ANOVA and Bonferroni post-test. A result was considered to be significant if the probability of a type-one error was p < 0.05.
Results
There were no differences in baseline hemodynamics between the nine experimental groups (data not shown). In all experimental groups the greatest MPO level at baseline was elicited in the gut, with intermediate values in the lung and minimal MPO level detected in the liver. Tissue MPO levels (units/g tissue) assessed in animals immediately after induction of anesthesia averaged 647.8 ± 71.6 in the gut (range 218 -1647), 169.5 ± 36.6 in the lung (range 112 -205) and 0.737 ± 0.282 in the liver (range 0.469 -1.23). These values are significantly higher (n = 6, p < 0.05) than the 217.6 ± 29.4 and 47.3 ± 4.4 (units/g tissue) assessed in the gut and lung respectively, at four hours following induction of anesthesia and sham operation.
MPO level
Hemorrhagic shock regardless of the resuscitation regimen caused a near linear increase over the first two hours in MPO level in all segments of the gut following resuscitation (figure 2). At 4 hour post resuscitation, gut's MPO level returned to baseline level and remained at baseline level at 24 hour following hemorrhagic shock and resuscitation (n = 7, F = 21.2, p < 0.01). This trend of time-dependency of MPO level was similar in all segments of the small intestine.
Baseline MPO level was preferentially greater in the jejunum (887 ± 407 units/g tissue, n = 7, p < 0.05), compared to (423 ± 160 units/g tissue) in the terminal ileum. This preferential MPO level between the two intestinal segments was maintained within the first 4 hours following resuscitation ( n = 7, p < 0.05) regardless of the resuscitation regimen. However, at 24 hours post-resuscitation, no difference in MPO level between the jejunum and terminal ileum was observed.
Hemorrhagic shock regardless of the resuscitation regiment caused a linear increase in lung MPO level over the first 4 hours following resuscitation. However, at 24 hours postresuscitation, MPO level in the lungs decreased to levels significantly below the prehemorrhage baseline level.
Liver MPO level demonstrated a different trend of time-dependency, with a rapid maximum increase within the first hour following resuscitation. Adjunctive DPR caused a progressive decrease in liver MPO level. However, conventional resuscitation caused a rebound increase in liver MPO level at 24 hour following resuscitation.
Total tissue water
Total tissue water was assessed from the tissue wet weight to dry weight ratio. As shown in figure 3 , conventional resuscitation from hemorrhagic shock caused a significant obligatory fluid sequestration in the gut and lung, which persist during the first 2 hours following resuscitation (n = 7, F = 4.7, p < 0.01). Adjunctive DPR prevented the conventional resuscitation-mediated obligatory fluid sequestration in both organs and maintained a relative normal tissue water in these organs compared to conventional resuscitation (n = 7, F = 10.1, p < 0.01). Conventional resuscitation slightly increased liver total tissue water from sham control; however the difference between the means did not reach a statistical significance. In contrast, adjunctive DPR caused a delayed but significant decrease in total liver water between the 2 and 4 hours following resuscitation (n = 7, p < 0.01).
Discussion
The present studies demonstrate a time-dependency and organ-specific trends of hemorrhagic shock-induced neutrophil sequestration as measured with MPO level. This explains the desperate literature results on neutrophil sequestration studies in animal models of hemorrhagic shock and resuscitation. Neutrophil-endothelium interaction is characterized by defined steps starting with margination followed by rolling, firm adhesion, emigration, and finally migration into the interstitial space. This neutrophil-endothelium interaction is mediated by families of adhesion molecules and immunoglobulin-like receptors. Theoretically, shear forces exerted by blood flow should influence rolling neutrophil concentration and explain the predominance of this interaction with the venular rather than the arteriolar endothelium. However, our recent intravital microscopy studies of the terminal ileum have demonstrated no change in neutrophilendothelium interaction after adjunctive DPR from hemorrhagic shock [28] . Unlike conventional resuscitation, adjunctive DPR modulates shear force by markedly increasing intestinal arteriolar blood flow and venous outflow, without the anticipated concomitant decrease in neutrophil-endothelium interaction [28] . These findings are supported by the present studies since no differences in neutrophil sequestration were found between conventional resuscitation and adjunctive DPR. Thus, our present and previous studies [28] , support the notion that blood rheology is not a major determinant of neutrophil-endothelium interaction in hemorrhage with resuscitation. However, other variables such as time on anesthesia, hemorrhagic shock with resuscitation and tissue type appear to affect trends of neutrophil infiltration and tissue levels of MPO. In naïve animals there seems to be a negative correlation between the time on anesthesia and tissue levels of MPO, which are also organ specific. The mechanism of this anesthetic-induced anti-inflammatory action is not clear and can not be discerned from the present studies. Literature data suggest that application of anesthetics locally or systemically exerts anti-inflammatory effects such as attenuation of tissue MPO levels and protein extravasation in a model of chemical-induced colitis, possibly by mechanisms related to modulation of neuropeptides liberated from enteric neurons [29] [30] [31] . Following resuscitation from hemorrhagic shock, there was a near linear time-dependent and transient increase in tissue MPO levels independently from the resuscitation regimen. This MPO increase contrasts with the decrease seen in naïve animals.
It is important to note that for neutrophil-mediated tissue injury and end-organ failure to occur, neutrophils must adhere tightly to the microvascular endothelium and migrate into surrounding parenchyma, where they release toxic oxygen metabolites [32;33] . Hemorrhagic shock with resuscitation results in priming and activation of both the vascular endothelium and the circulating neutrophils. This priming results in multiple phenotype changes of both cells, such as up-regulation of cell surface related adhesion molecules, induction of pro-coagulant state and cytokines production. Evidence from trauma and hemorrhagic shock patients suggest that the severity of shock as assessed from the degree of lactic acidemia correlates directly with the degree of neutrophil priming and expression of adhesion molecules [34] . Therefore, rapid correction of the hemorrhage-induced lactic acidemia should remain the therapeutic target for a better outcome in trauma patients with severe hemorrhagic shock. Theoretically, replacement of the fluid deficit with conventional resuscitation from hemorrhagic shock, should improve cardiac filling, cardiac output, and lessen the need for increasing the peripheral resistance to sustain and maintain an effective arterial pressure. Two separate clinical studies document that despite normalization of blood pressure, heart rate, and urine output, tissue hypoperfusion persists in 80% to 85% of patients, as evidenced by lactic acidemia and decreased mixed venous oxygen saturation [35;36] . Other clinical studies have shown that the level and rate of normalization of serum lactate (index of tissue oxygen utilization) correlated with mortality both in degree of elevation and in the time-dependent rate of normalization [37;38] , which support the notion that correction of post-traumatic acidemia should be the ultimate end-point of resuscitation. Systemic base deficit (index of tissue perfusion) also shows a similar predictive pattern of mortality [39] . However, interventions that focus on correction of this oxygen debt by driving oxygen transport variables, such as cardiac index or oxygen delivery index following conventional resuscitation, to supernormal levels fails to reduce mortality in severely injured patients [40;41] . Alternatively, research efforts directed at limiting neutrophils adhesion and sequestration with monoclonal antibodies against adhesion molecules yielded only limited improvements in end-organ injury without improvement of the overall outcome [42] . This data suggest that the mechanism of tissue injury and end-organ damage following resuscitation from hemorrhagic shock is complex, multi-factorial and involves mechanisms other than neutophilmediated injury. Unfortunately, the MPO level in tissues tells us only about relative neutrophil levels but does not reflect the issue of neutrophil function within the tissue space. Similarly, Regular histology (also called thick sections) can not resolve the nuclear morphology necessary to differentiate PMNs from regular cell nuclei. Also histology is not a sensitive test to demonstrate neutrophil activity but specific to cell presence. This is the same thing that the MPO assay shows.
Previous studies in animal models of shock/resuscitation in which splanchnic vasculature and blood flow were directly monitored, have confirmed a progressive and persistent vasoconstriction and hypoperfusion despite aggressive fluid resuscitation that restored and maintained central hemodynamics [3;4;43] . This state of splanchnic and distant hypoperfusion can be promptly reversed to a state of instantaneous and continuous hyperperfusion by adjunctive DPR [24] [25] [26] . Thus, the improved overall resuscitation outcome observed with adjunctive DPR in our previous studies must be due to DPR effects other than modulation of neutrophil function. Adjunctive DPR improves the splanchnic and distant tissue perfusion, down-regulates the exaggerated systemic inflammatory response, prevents the early obligatory fluid sequestration and promotes early fluid mobilization as demonstrated in our present and previous studies [24] [25] [26] [27] . It is important to note that in addition to conventional resuscitation (return of shed blood plus two volumes of saline), the DPR animals in the present studies received intraperitoneal instillation of 30 ml of clinical peritoneal dialysis solution (Delflex ® ), yet the overall organ total tissue water in the DPR animals is remarkably similar to the sham control. However, tissue edema in the present studies was assessed from total tissue water. The pattern of portioning of this total tissue water between the local intravascular, interstitial and intracellular compartments of the tissue, can not be discerned from the present data. Therefore, our measurements of total tissue water in the present studies qualify as best estimate.
In conclusion, hemorrhagic shock and resuscitation produces time-dependent organ-specific trends of neutrophil sequestration as measured with tissue levels of myeloperoxidase, a marker of neutrophil infiltration. Modulation of splanchnic blood flow by direct peritoneal resuscitation did not alter the time-dependent neutrophil infiltration in end-organs suggesting a subordinate role of blood rheology in the hemorrhage-induced neutrophil sequestration. Vulnerable window for neutrophil-mediated tissue damage exists during the first 4 hours following resuscitation from hemorrhagic shock in rats. Direct peritoneal resuscitation prevents the early obligatory fluid sequestration and promotes early fluid mobilization. Total tissue water, a measure of fluid sequestration. BL = Baseline; WW/DW = tissue wet to dry weight ratio; HS = Hemorrhagic shock; CR = Conventional resuscitation; DPR = Adjunctive direct peritoneal resuscitation. * p < 0.01 versus baseline sham control, § p < 0.01 versus DPR by two-way ANOVA and Bonferoni post-test.
